Background: 17a-Hydroxylase/17,20-lyase deficiency (17OHD) caused by a mutation in the CYP17A1 gene is characterized by hypertension, hypokalemia, and abnormal development of the genitalia. The majority of CYP17A1 mutations are located in the coding sequence, and several intronic splicing site mutations have been reported. Objective: A 2.5-year-old girl with 46,XY disordered sex development exhibited a nearly normal basal cortisol level and reduced sexual steroids. This study is aimed to explore the molecular basis and analyze its possible influence on the phenotype of the patient. Methods and results: Mutation analysis revealed compound heterozygous CYP17A1 mutations, with c.985_987delinsAA in one allele and a synonymous substitution (c.1263GOA) in another allele.
Introduction
Human steroid 17a-hydroxylase/17,20-lyase (CYP17A1) catalyzes two distinct enzymatic steps in the steroidogenic pathway: 17a-hydroxylation of pregnenolone or progesterone and 17,20-bond cleavage of the 17ahydroxylated products to produce the C19 androgen precursors, mainly DHEA. As a branch point in the biosynthesis of cortisol and sex steroids, the enzyme is expressed in the adrenal glands and gonads. Adrenal 17a-hydroxylase deficiency induces the elevation of ACTH and excessive production of mineralocorticoids, such as 11-deoxycorticosterone and corticosterone, resulting in low-renin hypertension and hypokalemia. The decreased production of sex steroids causes undervirilization of the external genitalia in 46,XY patients, leading to 46,XY disordered sex development (DSD), and an absence of pubertal development with primary amenorrhea in 46,XX patients (1, 2) .
The CYP17A1 gene encoding this enzyme is mapped to chromosome 10q24.3 (3) (4) (5) . To date, more than 50 deleterious mutations in the CYP17A1 gene have been reported to cause either combined or isolated 17ahydroxylase/17,20-lyase deficiency (17OHD), including missense mutations, deletions, insertions, and singlebase changes in the CYP17A1 gene. Mutations that interfere with steroid binding or heme binding mainly result in combined 17OHD, whereas mutations in the redox partner domain have been found to result in isolated 17,20-lyase deficiency (1, 6) . In addition, several different intronic mutations disrupting splice sites have been reported (7) (8) (9) .
In this study, we present a patient with ambiguous genitalia bearing a novel point mutation in exon 8 of the CYP17A1 gene. In this context, we demonstrate that this extronic mutation leads to aberrant splicing of the mRNA of CYP17A1 and provides evidence for the disease-causing effect of the newly identified mutation.
Patients and methods

Subjects
A girl from the Jiangsu province of China was first examined at the age of 2.5 years because of abnormal external genitalia. She was born in a non-consanguineous family in May 2006. Physical examination revealed a blood pressure of 90/50 mmHg (90th percentile for 2-year-old boy with height from 86 to 99 cm: 100-104/55-58 mmHg) (10), hypertrophic clitoris, blind-ending vagina, and an external urethral opening in the clitoris. Bilateral masses located in the inguinal canal were discovered. The karyotype was 46,XY. Ultrasonography revealed bilateral testis tissue measuring 18!9 mm with an absence of the uterus and annexes. A commercial RIA kit (DiaSorin Ltd, Wokingham, UK) was used to measure the cortisol concentration. Testosterone, DHEA-S, 17-OHP, and ACTH concentrations were measured with an antibody-coated tube RIA kit (DSL-8600; Diagnostic Systems Laboratories, Inc., Webster, TX, USA). The serum P level was measured with the automated Abbott Architect i2000SR System (Abbott Laboratories). Plasma multisteroid analysis revealed a slightly reduced basal cortisol level (187.6 nmol/l at 0800 h, 193.1-606.9 nmol/l), serum testosterone was !0.28 nmol/l and DHEA-S 0.03 mmol/l. The level of progesterone was 1.59 pmol/l (0.32-0.60 pmol/l). Furthermore, aldosterone and 17-hydroxypregeterone were in the normal range, and the ACTH levels were also normal (12.0 pmol/l at 0800 h, 2.6 w17.2 pmol/l). The serum levels of Na, K, blood urea nitrogen, and creatinine were normal. Seven months later, she came to medical attention for a fever. Her temperature was 38 8C and the total WBC count was 5.3!10 9 /l with neutrophil levels at 40.2% and lymphocytes 57.2%. The serum potassium and serum sodium levels were normal. After a brief anti-inflammatory therapy, ACTH stimulation test was performed. The basal ACTH level was remarkably increased (1049.5 pmol/l, 2.6 w17.2 pmol/l).
The measurement of basal and ACTH-stimulated steroids revealed elevated corticosterone and progesterone levels with the absence of a response of cortisol, which indicated the diagnosis of 17OHD (Table 1) .
CYP17A1 gene analysis
After obtaining written informed consent, genomic DNA was extracted from peripheral blood leukocytes of the patient and her family members. All eight exons of the CYP17A1 gene were amplified by PCR using eight pairs of primers, as described previously (11) . The PCR products were purified by using a gel extraction kit (Qiagen) and sequenced in both the sense and the antisense directions on an ABI 3700 DNA sequencer (Applied Biosystems PerkinElmer, Foster City, CA, USA). Once a mutation was identified, the corresponding PCR fragments obtained from the genomic DNA of 110 normal subjects (220 alleles) were also sequenced to exclude common polymorphisms.
Functional studies
Exons 5-8 of the mutant CYP17A1 gene were amplified using the father's genomic DNA with KOD-plus Polymerase (Toyobo, Osaka, Japan). The respective PCR products, consisting of 2543 bp, were amplified using the primers PC5F and PC8R (TCAGAGCTGCTTTCA-GATAACCAC; TTGCCACAAGCTGAAAAAGAAG). The resulting products were ligated to the expression vector pcDNA3.1 (Invitrogen) between EcoRI and BamHI cloning sites (Fig. 1A) . The wild-type and mutant minigene vectors were confirmed by direct DNA sequencing. Plasmids were isolated and purified by an anion exchange column (Qiagen). Plasmids (4 mm) were transfected into HEK-293T cells by the lipofectamine method. RT-PCR amplification of cDNA was focused on the regions surrounding the exon 8 using the primers located in exons 7 and 8 of the CYP17A1 gene. The PCR products were electrophoresed on 20% PAGE. The different sized fragments were recovered from the gel and then sequenced with an ABI 3730 automated sequencer.
A deletion of 21nt (codons 415-421) was introduced into this construct (DEL7) using two rounds of PCR mutagenesis with the primers described below. The following primers were used with cloning sites underlined: CYP17 FOR: 5 0 -GGAATTCATGTGGGAG-CTCGTGGCT-3 0 (EcoRI); CYP17 REV: 5 0 -CGGGATCC-TTAGGTGCTACCCTCAGC-3 0 (BamHI); CYP17del21F: 5 0 -ATCAGTTCATGCCTGGGACCCAGCTCATCT-3 0 ; CY-P17del21R: 5 0 -AGATGAGCTGGGTCCCAGGCATGAA-CTGATCC-3 0 . Site-directed mutagenesis was used to create a mutant expression vector of 985_987delinsAA (329FS). The correction of the inserts was confirmed by sequencing, and the plasmids were purified with an anion exchange column (Qiagen). HEK-293T cells were cultured in 24-well plates to 90% confluence and transfected with 0.8 mg DNA per well using Lipofectamine 2000 (Invitrogen). Forty hours after transfection, various concentrations (0.1, 0.2, 1.0, 2.0 mmol/l) of progesterone and 17-hydroxypregnenolone (Sigma) were added and incubated for another 6 h. The medium was collected and frozen at K20 8C until the assay of 17-hydroxyprogesterone (17ahydroxylase activity) and DHEA (17,20-lyase activity) by RIA kits (Diagnostics Systems Laboratories) respectively. All values are expressed as meanGS.D. and represent the results of three independent experiments in duplicate.
Molecular modeling
To further approach the structural changes of the enzyme protein lacking the six or seven amino acids, we constructed a three-dimensional computer model with the NOC program (version 3.0; http://noch.sourceforge. net). Using the crystal structure of the human cytochrome P450 1A2 (PDB accession code 2HI4, chain A) as a template, CYP17A1 (residues 61-460) was modeled by homology with the SWISS-MODEL (http://swissmodel.expasy.org/) (12, 13) . Mutations and deletions in CYP17A1 were modeled using the database search approach included in the Vector NTI Suite 9 (InforMax, Invitrogen).
Results
CYP17A1 mutation analysis
PCR direct sequencing revealed that one allele of the patient and her mother displayed a deletion-insertioncombined mutation (c.985_987delinsAA) at codon 329 exon 6. A second mutation (c.1263GOA) located on exon 8 was identified in another allele in the patient. This is a novel mutation, which was also detected in the father's sample. No additional mutation was found in the entire coding sequence or at the exon-intron boundaries. It is noteworthy that the novel mutation has no evident influence on the predicted amino acid coding sequence itself, as both triplets code for alanine. The PCR product of 110 normal subjects was sequenced, and no mutation was identified in this site of exon 8, suggesting that the rearrangement is not a polymorphism.
Functional splicing assay
An in vitro expression study using a minigene system was performed to analyze the transcription of the patient's CYP17A1 gene (Fig. 1A) . After the respective minigene was expressed in HEK-293T cells, the splicing site selection patterns for exons 5-8 were assessed based on the cDNA size corresponding to the expressed mRNA. The length of the PCR product was expected to be 151 bp when the mRNA was collected from the cells transfected with the minigene, including the wildtype CYP17A1 gene. In comparison to the wild type, the splicing of intron 7 was influenced by the c.1263GOA mutation of the CYP17A1 gene. PAGE revealed four fragments amplified from the cells transfected with the mutant vector, one of which was 151 bp, while one smaller product of approximately 130 bp and two larger products were also present (Fig. 1B) . The PCR products were later cloned into the pGEM-T vector, followed by sequencing of the plasmids. After sequencing the selected 25 clones, we confirmed that these fragments contained at least three splicing products; in addition to the normal splicing product, two products were found to be missing 21nt or 18nt of the initiation of the exon 8 sequence of the CYP17A1 gene. Sequence determination of the splicing products suggested that the mutation c.1263GOA constitutes a functional splice acceptor site, leading to a skipping of the 21nt of the initiation of exon 8 in the mature mRNA of the CYP17A1 gene in vitro. At the same time, the AG at 1260 and 1261 were also activated, as a small portion of the transcripts was derived from splicing at this position, causing c. [1244_1261Del; 1263 GOA] (Fig. 1C) . However, the nucleotide skipping did not alter the reading frame of exon 8 but resulted in the deletion of six or seven amino acids from residue position 415 onward.
Molecular modeling of CYP17A1
We investigated the aberrant transcripts in a computerized CYP17A1 model based on the crystallized structure of cytochrome P450 1A2 in an effort to explain the putative effects of the mutations in the CYP17A1 molecule ( Fig. 2A) . The deleted amino acids Glu-Arg-Phe-Leu-Arg-Phe-Ala (415-421) are localized in the meander region between the K 0 -helix and the heme-binding region (13) . It is noteworthy that the Glu415-Arg 416-Phe417-Leu 418 region can form a regional helical structure. Furthermore, main chain hydrogen bonds are also formed between Phe 417 and Ile426, Glu415 and Leu418, and Asn419 and Gln 424 ( Fig. 2B ). When the amino acids located at residues 415-421 were absent, the meander region was shortened and the local helical structure disappeared ( Fig. 2C and D) . As a result, the main chain hydrogen bonds were obviously altered in the two types of mutant CYP17A1 (Fig. 2D and F) . In CYP17A-DEL 6, Ser427 can form new hydrogen bond with Val430.
In vitro functional assays
To investigate whether the novel splicing variant of CYP17A1 with the amino acid 7 deletion possess any enzyme activity, we performed site-directed mutagenesis of the CYP17A1 cDNA in vitro. After transfecting CYP17A1 cDNA into HEK-293T cells for functional analysis, it was found that the enzyme produced by the wild-type CYP17A1 (WT) had full activity, which completely converted the substrate progesterone into 17a-hydroxyprogesterone and converted the substrate 17a-hydroxypregnenolone into DHEA. The HEK-293 T cells expressing the DEL7 plasmid produced very low level of metabolites comparable to the positive control of HEK-293T cells containing 329FS. Even at the substrate concentrations of 2 mM, compared with WT, the conversion rates of progesterone to 17-hydroxyprogesterone and 17a-hydroxypregnenolone to DHEA were nearly undetectable for 329FS and DEL7 mutated proteins ( Fig. 3A and B) . It showed that the protein produced by mutant cDNA with the deletion of codons 415-421 completely lost 17a-hydroxylation activity and 17,20-lyase activity.
Discussion
17OHD is not the rarest form of congenital adrenal hyperplasia (CAH) in China. Almost 40 patients afflicted with 17OHD have been genotyped. The c.1517_1525del in exon 8 and the c.985_987delinsAA in exon 6 are reported to be the prevalent mutations of the CYP17A1 gene in China, nearly 90% of the patients bearing at least one of the mutations (11, (14) (15) (16) (17) (18) . Both mutations were proved to completely abolish the CYP17A1 activity. Most affected individuals of either genetic sex present as phenotypic females with primary amenorrhea, sexual infantilism, hypertension, and hypokalemia owing to severely impaired enzymatic activity. In a few cases, patients manifested with partial 17a-hydroxylase deficiency, exhibiting regular menses, intermittent hypertension, hypokalemia, and infertility. Genetic testing and in vitro transfection assays have demonstrated that the mutation of c.1418TOC(F453S) and c.990_993del (E331del) retained part of the enzymatic activities, which is consistent with the phenotype of the patients (14, 17, 19) .
In this study, we report a complex heterozygous mutation of the CYP17A1 gene in our patient with 46,XY DSD. Apart from mutation of c.985_987delin-sAA on exon 6 in one allele, an exonic splicing mutation (c.1263GOA) induces certain aberrant splicing products with a deletion six or seven amino acids starting from residue position 415. The findings suggested that the splice site mutation does not completely impair the splicing, which is supported by the phenotype of our patient with 17OHD. Unlike patients genotyped as homozygotes for c.985_987delin-sAA, this patient displayed a degree of masculinization of the external genitalia: clitoral enlargement and an external urethral opening in the clitoris. The basal hormone profile indicated nearly normal levels of cortisol and ACTH. However, under stress conditions, the levels of ACTH and corticosterone increased remarkably, while cortisol cannot be stimulated further. It is widely accepted that the degree of masculinization in the male fetus is related to residual activity of CYP17A1 and the magnitude of the consequent synthesis of fetal testosterone. And more than 25% of the normal enzymatic activity is necessary for normal fetal masculinization of the external genitalia (20) . The mutation of c.985_987delinsAA has been proved to completely abolish the activity of CYP17A1. Therefore, the residual 17a-hydroxylase and 17,20lyase activity were derived from the wild-type transcripts induced by the exonic splicing mutation of another allele. It was postulated that the residual enzyme activity of the normal transcripts in the patient was !25%. Analysis of the 17a-hydroxylase and 17,20-lyase activity of the deleted protein revealed an absence of enzymatic activity, comparable to the mutant enzyme of c.985_987delinsAA. In fact, Arg416His and Arg416-Cys mutations of CYP17A1 gene have been reported to induce a complete lack of the enzymatic activity, demonstrating the critical role of Arg416 (14, 19) . From the molecular model of CYP17A1, the amino acids Glu415-Arg416 were located in the C-terminal of the meandering region between the K 0 -helix and the hemebinding region, well upstream from the crucial Cys442. The meandering region of CYP17A1, consisting of ten amino acids stretched from His 407 to Arg 416, is a typical structural domain of P450 that appears to participate in binding the redox partner and P450 oxidoreductase (13, 15, 21) . From the protein sequence alignments, it was demonstrated that Glu415, Arg416, Phe417, and Leu418 are conserved in other human cytochrome P450 proteins (CYP21A2, CYP11A1, CYP11B1, CYP1A1, CYP1A2, and CYP4B1) (Fig. 4) . The local loop structure composed of Glu415-Arg 416-Phe417-Leu 418 in the meandering region was abolished when the amino acids were deleted. The shortening of the meandering region results in deprivation of main chain hydrogen bond interactions as well as a side chain, leading to a disorientation of the heme group relative to the protein.
The age of onset of overt hypertension and hypokalemia may significantly vary, even in patients with the same genotype (2, 22) . In contrast with the majority of cases who were diagnosed after puberty, our patient did not exhibit hypertension and hypokalemia, despite the increased levels of corticosterone and aldosterone under stress. It may be associated with the response of immature renal tubular to the elevated mineralocorticoids. Normal even elevated levels of aldosterone have long been a controversial phenomenon. Various assay methods, dietary sodium intake, and differing severity of the enzymatic defect further complicate the problem (1, 22, 23) . However, Dhir et al. (22) have pointed out that the degree of hypertension seems to be more closely related to the time span without treatment than to the CYP17A1 genotype. So careful examination and followup might be helpful toward improving the prognosis of the patient.
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